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SUMMARY 

An  empirical  equation  is  proposed  to  account  for  stress  ratio  effects  in  fatigue  crack 
growth  based  upon  the  crack  closure  concept.  It  is  characterised  by  two  fitted  parameters. 

The  new  equation  is  used  to  establish  effective  stress  intensity  ranges  for  three  sets 
of  extensive  crack  growth  rate  data  from  the  literature  covering  the  stress  ratio  range 
—  /  <  R  <  I.  Least  squares  best  fitted  Paris  equations  arc  then  used  to  predict  crack 
growth  lives  for  comparison  with  the  individual  originals.  Actual  lives  are  almost  invariably 
within  the  range  from  1/3  to  2  times  those  predicted. 

The  study  shows  that  even  better  fits  to  the  data  would  result  from  using  a  sigmoidal 
growth  rate /effective  stress  intensity  range  relationship.  This  approach  is  being  followed  up. 
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I.  INTRODUCTION 


The  significance  of  the  observation  by  f  iber1  that  the  fracture  surfaces  of  cracks  in  specimens 
undergoing  tensile  fatigue  loadings  remain  closed  during  the  lower  stress  part  of  the  cycle  has 
now  become  generally  appreciated.  1  here  can  be  no  doubt  that  the  phenomenon  must  modify 
substantially  the  manner  in  which  the  behaviour  of  cracked  regions  to  subsequent  fatigue  loading 
is  assessed:  in  particular,  allowance  for  consideration  of  crack  closure  in  predictive  fatigue 
crack  growth  modelling  would  seem  to  be  mandatory. 

In  this  Report,  several  cnnprieal  models  which  have  been  proposed  lor  relating  crack 
closure  to  stress  ratio  are  considered  briefly .  and  a  more  flexible  empirical  model,  free  of  most 
of  the  limitations  of  earlier  models,  is  presented.  The  ability  of  the  new  model  to  condense  crack 
growth  rate  data  obtained  at  several  stress  ratios  is  then  examined,  finally,  predicted  crack 
growth  curves  obtained  from  the  condensed  growth  rate  data  are  compared  with  experimental 
data,  and  reveal  (surprisingly)  little  scatter. 


2.  MODELS  FROM  TIIE  LITERATI  RE 

In  this  Section  several  models  from  the  literature  relating  crack  closure  under  constant 
amplitude  loading  and  stress  ratio  are  examined  and  compared. 


2.1  Fiber,  1971' 

The  first  proposal  relating  crack  opening  stress*.  .S',,,,,  and  the  other  cycle  stresses  .VM,a\ 
and  .S'n,in  to  stress  ratio  K  was  made  by  Liber  in  the  form 

I  .S„|.)  (.S'ni:i\  -S M , i , , >  hk)  in 

where  l  was  defined  as  the  effective  stress  range  ratio  for  2024-1.1  aluminium  alloy  data  he 
found  that 

l  OAK  0  -  5  (2t 

approximately,  in  the  range  0  1  l<  0-7. 
from  ( I )  and  (2) 

.V„t,  .V,mlv  0  4K-  O  IK  0  1.  (II 

This  expression  is  shown  as  the  upper  curve  in  lag.  I.  along  with  the  data  on  which  it  is 
based.  Sehijvc-  has  pointed  out  that  since  (!)  has  a  minimum  at  K  0- 125  it  cannot  physically 
bo  correct  for  K<  0125  where  the  crack  opening  sttess  must  continue  either  to  decrease 
or  be  asymptotic  to  some  constant  low  level. 


2.2  Bell  and  Creager,  I974:l 
Bell  and  Wolfman,  197b1 
Fidinotf  and  Bell,  I977:’ 

In  modelling  crack  growth  under  variable  amplitude  sequences,  the  above  authors  have  also 
used  the  concepts  of  crack  closure.  I  hey  have  fitted  empirical  equations  of  the  following  form 


*  No  distinction  is  made  here  between  opening  stress  and  closing  stress  Although  the 
phenomenon  is  known  as  crack  closure,  it  is  actually  crack  opening  during  the  increasing  part 
of  the  loading  cycle  which  is  of  interest. 


1 


to  aluminium  and  titanium  allot  data  in  i he  range  I  •  R  •  I 

•Vip  -Vna\  (•V.M>  V„1:1J  ,  (t-S..,,  (.s..,,  .V,„axl  lid  R)'‘  <4i 

where  the  subscripts  I  and  0  refer  to  R  values.  I  his  equation  has  flexibility  in  that  the  opening 

stress  ratio  .V,,,,  .S',hax  must  he  speeilieil  at  R  0  and  R  I.  alone  with  the  exponent  i«.  On 
the  other  hand,  there  is  a  major  delieieney :  at  R  1  the  value  of  .V.,.  ■'in.iis  does  mil  neee.ssai  i 
equal  one  as  is  required:  as  R  -  I.  the  minimum  stress  approaches  the  maximum  as  must 
the  opening  stress.  Representative  values  of  the  constants  from  Reference  5  for  four  aluminium 
alloys  and  three  titanium  alloys  are  given  in  Table  I.  their  plots  being  shown  in  f  igure  2.  f  igure 

3  shows  a  redrawing  of  f  igure  ill  of  Reference  5.  highlighting  the  variability  which  is  a  feature 

of  crack  opening  measurements. 


2.3  Newman.  1*)76'; 

Newman  carried  out  a  two-dimensional  finite  element  analysis  using  an  elastie-perfectly 
plastic  material  to  predict  crack  closure  and  crack  opening  stresses  during  cyclic  loading.  Pre¬ 
dictions  were  made  at  R  values  of  1  0.  0-5.  0  and  0-5  using  two  values  of  the  ratio  of 

maximum  stress  to  yield  stress.  When  R  0.  and  irrespective  of  the  Vm;,s  -S\  „  i.j  values  used, 
predictions  agreed  very  closely  with  those  of  I  Ibcr.  I  igure  I  However,  for  R  >.  0  dill'erences 
in  predicted  .V,,,,  appear,  according  to  the  ratio  .S„,;i\  -N\ ,,-m :  the  larger  this  latter,  the  lower 
is  .V.,,,  S„l:,\.  More  importantly  for  present  purposes,  however,  the  predictions  confirm  the 
intuitive  notion  of  an  (asymptotic'.')  decrease  in  .V,„a\  for  increasingly  negative  R 


2.4  Schijve,  l<m' 

Schijve  has  adopted  a  cubic  polynomial  and  used  it  to  condense  2024-1  3  Alclad  crack 
growth  rate  data  in  the  range  1  ■  R  <  I: 

.V,M,  .V,„;,x  01 R'  0  25/e-  0  2R  0  45  (5) 

Phis  equation  is  very  similar  to  that  of  I  Ibcr  for  R  '»  0.  but  corrects  its  unsatisfactory 

performance  for  R  <0.  figure  I.  Schijve  points  out  that  (5)  has  a  very  weak  minimum  at 
R  0  (>7:  it  also  has  a  weak  maximum  at  R  I.  Both  slope  (.S',,,,  -S'„l;,N )’  and  magnitude 
•V.,,,  .V„,;,x  are  unity  at  R  I. 

Although  no  explanation  is  olferevl  as  to  how  the  eoetlieients  m  (5)  were  determined,  it  will 
be  seen  later  that  the  collective  choice  is  a  very  happy  one  for  the  particular  data  used.  Dilfering 

data  may  well  require  other  cocUicient  values  their  determination  will  be  no  simple  task  if  a 

satisfactory  solution  is  to  be  found  by  trial  and  erroi  ' 


2.5  Summary 

1.  Selujve' s  formulation  for  2024-13  in  the  range  I  R  •-  I  represents  a  significant 
improvement  over  that  of  l  iber,  which  was  limited  to  the  range  01  •  R  ■  O  '. 

2.  Newman's  finite  element  predictions  confirm  the  general  trend  of  a  flattening  out  of 
the  .S',,,,  .V,,„-,x  versus  R  curve  for  increasingly  negative  R  1  or  R  '  0.  the  predictions  agree  well 
with  those  of  l  iber  and  Schijve. 

3.  I  he  model  of  Bell  and  co-authors,  for  the  range  I  •.  R  -  I .  although  possessing 
unusual  limiting  values  for  some  materials,  does  have  a  llexihihtv  which  the  other  analytical 
models  lack.  Although  values  are  required  for  three  constants  m  each  formulation,  the  curves 
of  f  igure  2.  for  two  alloy  groups,  suggest  that  a  family  of  curves  formed  from  some  basic  curve 
might  si ; dice.  This  idea  is  pursued  in  the  following. 


*  Since  this  Report  was  written,  further  Dutch  activity  in  this  area  has  been  published 
(Refs.  12  and  13) 


3.  PROPOSAL 


The  crack  opening  data  and  the  forms  of  the  empirical  models  reviewed  in  Section  2  and 
shown  in  f  igures  I  and  2.  suggest  the  following  boundary  conditions,  which  have  been  adopted 
here,  for  the  relationship  between  .S',,,,  and  R: 

1.  A’,,,.  Vmil\  I  at  R  I 

2.  (.Sop  Sin.i\ I  I  at  R  1 

3.  (.Vo,,  0  at  some  specified  low  value  of  R.  V  say.  below  which  -Sup  .Sma\  IS 

constant. 

4.  (.V„p  .S'mav)  '  ■  o  in  the  range  -V  s  R  ^  I. 

i.e.  there  are  no  points  of  inflexion.  Uv  setting  (.S',,,.  .S'„,;,x)  0  at  R  A.  the  second 

derivative  (as  well  as  the  first!  becomes  continues  into  the  (constant  .S’,,,,  .S’maxl  region 
beyond  R  .V. 


A  cubic  polynomial  in  R  conforming  to  the  above  boundary  conditions  has.  tor  given  A. 
the  following  unique  solution: 


.1 A  R  t\  R  (.TV 
M  A  1  V- 


where  the  subscript  refers  to  an  intermediate  stage  in  the  process  ol  establishing  a  relationship 
between  S',,,,  .S'mas  and  R. 

l-or  \  1,  the  lower  limit  of  R  considered  by  most  of  the  models  examined  in  Section  2. 

(6)  becomes 

R'  R-  R  > 

(-S,,,,  ,S,„a\  In, l 


This  is  shown  in  figure  4  along  with  the  relationships,  eq.  <>.  for  neighbouring  values  of  A 

Although  (61  has  flexibility  in  that  A  may  be  arbitrarily  chosen,  the  choice  automatically 
fixes  the  entire  curve,  including  the  level  of  (.Si,,,  2*n,a\ht,i  at  R  A.  According  to  material, 
figures  I  and  2  suggest,  for  example,  a  range  from  about  03  to  05  at  R  1  Clearly,  tor 
given  A.  a  shift  in  .Si„a„  is  required  to  accommodate  this  variation,  and  a  suitable  one  takes 
the  following  form: 

•5 ,»p  A  max  {  Soil  •VllllS  )lfl»(  1  f-i  ^  •Suit  •Sin«\  i nt ) 

where  (.Si,,,  .Vm.ix)ini  is  a  function  only  of  R  anil  A .  given  here  by  eq  (61.  and  /  is  a  shift  parameter, 
liquation  (X)  also  satisfies  the  boundary  conditions  given  above.  Representative  families  ot 
shifted  .V,,,,  .V,m,x  versus  R  for  X  I  and  0  5  are  shown  in  f  igure  5. 

Thus  in  the  proposed  formulation  (61  and  its  shifted  version  IX)  there  is  complete  freedom 
to  choose: 

(a)  the  limiting  lower  value  ot  R{R  A  )  at  which  the  .S,,p  Smax  versus  R  curve  teaches 
zero  slope  and  curvature,  and 

(b)  the  required  magnitude  of  .5,,,,  .Vm!,\  at  this  point,  by  choice  ol  an  appropriate  value 
of  shift  parameter.  / 

Specification  of  these  two  parameters  defines  completely  the  relationship  between  .S,,,,  -S,„ax 
and  R. 


4.  APPLICATION  TO  CRACK  CROW  1  11  RA  I  L  DA  I  S 

f  iber  proposed  that  crack  closure  concepts  might  be  iiselul  in  explaining  the  known  qualita¬ 
tive  effect  of  stress  ratio  on  crack  growth  In  particular  lie  suggested  that  crack  growth  rate 
was  not  so  much  a  function  of  the  stress  mtensitv  range  AA  as  ol  the  <■//(  <  tn<  sticss  intensity 
range  AAin.  i.e.  the  difference  between  the  maximum  stress  intensity  and  that  corresponding 
to  crack  opening  Thus,  in  place  of  AA  in  the  Paris  cquatnm: 


,/<;</ \  /ISA”' 


where 


A  A 


A 


1 1 1  a  \ 


A 


null. 


there  should  be  substituted  AA'.n.' 


tin  t! A  <  \A,n"  (*)) 

where 

A  A  ell  Amus  A,,,,. 

Since  the  crack  opening  stress.  .S',,,,,  is  a  function  of  A  (eqs  (i  and  S)  the  crack  opening  stress 
intensity  A,,,,  is  also  a  (unction  of  A  Dins,  a  plot  of  log  </</  ,/\  versus  AA,.,,.  which  includes 
data  at  dtflering  A  values,  should  have  associated  with  it  only  the  variability  in  crack  growth 
rate  itself,  as  was  first  demonstrated  by  I Ibcr1  using  data  from  Reference  S. 

The  effectiveness  of  the  formulations  proposed  in  Section  3  has  been  evaluated  using  three 
published  sets  of  extensive  crack  growth  data:  those  of  Sclujve7  on  2024-13  Alclad  sheet  and 
those  of  Hudson8  on  2024-13  and  ~0T3-I(>  aluminium  alloy  sheet,  these  data  sets  are  shown 
in  figures  h(a).  (b)  and  (c)  in  terms  of  the  conventional  JS  versus  A  A  plots.  I  he  observable 
grviupmgs  of  data  are  assv'ciatcvl  with  the  differing  A  values  used  on  test  Slope's  data  on  2024- 1  3 
Alclad  sheet  are  given  in  the  Appendix  to  Reference  "  in  terms  of,/,;  ,/\  and  AA.  and  have  been 

so  used  here;  Hudson's  data  are  given  m  Reference  S  in  terms  of  cycles  to  given  crack  lengths. 

These  latter  have  been  fitted  hv  cubic  splines,  from  which  the  derivatives  at  the  given  crack 
lengths  have  provided  the  required  \  data’1'.  I  lie  corresponding  stress  intensities  were 
obtained  as  indicated  below. 

Tor  the  centrally  through-cracked  specimens  used  in  all  three  investigations  the  stress 
intensity.  A.  at  the  crack  tip  is  given  hv 

A  .S  \  { tii  1  /  ( 1 01 

where  .S'  is  the  remote  applied  stress. ,/  is  the  semi-crack  length  and  i  is  the  finite  width  correction 
factor  given  by 

l  y  ( sCC  t,l  II  ).  (II) 

IT  being  the  total  width  of  the  specimen 

The  effective  stress  intensity.  AA,n.  for  use  in  ev|.  (*>i  is  therefvire  given  by 
A  A,  1,  A,,,;,,  A..;, 

i.Vm.v  \  t  -,/)  1 

s . .  1 1  Snissi  \  t-ui  /  (I2i 

where  .V,,,,  .S'„,„v  is  the  function  of  A.  \  and  /  given  by  evpiations  (<>)  and  (SI 

Since  AA.  u.  for  each  A  was  not  measured  oil  test,  but  is  being  modelled  here  by  equations 
(hi.  (S)  and  (12).  there  is  flexibility  in  choosing  \  and  /.  and  some  appropriate  criterion  is 
required  in  making  that  choice.  I  lie  least  squares  erileiion  has  been  adopted  here  whereby 
the  sums  of  squares  of  residuals  obtained  by  luting  Pans  equations  to  the  data  for  a  range  of 
V.  /  combinations  are  compared.  Ih.it  particular  combination  yielding  the  smallest  sum  of 
squares  then  provides  the  best  possible  lit  of  the  present  model  to  the  data  I  he  (computerised) 
procedure  is  as  follows: 

1  Select  .V  and  /  from  the  ranges  I  3  -  3-0  and  2  ■  /  •  2. 

2  Calculate  AA.ir  for  every  data  point  using  equations  ((<).  (N)  and  (12). 

3.  lit  a  Paris  equation  (*))  to  the  data  expressed  as  log  </,;  ,/A  versus  log  AA.-rr.  and  note 
the  sum  of  squares  of  the  log  ,/<;  ,/\  residuals 

4  Repeal  steps  I.  2  and  3  for  all  t.  /  pairs  to  determine  that  pair  yielding  the  minimum 
residual  sum  of  squares  of  log  ,/<;  ,/\ 


*  Although  the  crack  growth  rate  data  of  Sclupe  and  Hudson  have  not  been  derived  in 
an  identical  manner  from  the  original  test  data,  it  is  thought  unlikely  that  this  fact  is  of  conse¬ 
quence  here.  Data  from  different  sources  are  not  being  compounded 


4 


A 


Examples  ot  llie  residual  sums  ut  squai  es  ol  log  i hi  J.\  associated  with  the  regressions : 
are  shown  in  Figures  7(a).  (h)  and  (e)  plotted  against  A  tor  several  values  of/  That  particular 
X.7.  combination  yielding  the  minimum  sum  ot' squares  is  noted  m  each  ease  It  can  be  seen 
that  tor  both  sets  of  2024- 1  A  data  the  intluericc  of  the  shill  parameter  /  on  ihe  residual  sum 
of  squares  is  very  much  less  than  that  of  the  stress  ratio  asymptote  A  .  for  the  7075-1  n  data  the 
influence  of  /  is  rather  more  significant  the  family  of  /  curves  do  not  coincide  to  the  same 
extent  in  the  minimum  sum  of  squares  region 

A  plot  showing  the  optimum  .V,,,,  .V„1!lx  versus  K  curves  for  the  three  data  sets  ,s  shown 
in  Figure  8,  and  the  corresponding  transformed  crack  growth  rate  data,  expressed  in  terms 
of  AA,„,  are  shown  in  Figures  9(a).  (b)  and  k)  The  least  squares  titled  straight  lines  are  also 
shown,  along  with  their  equations.  Ihe  effectiveness  of  taking  K  into  account  in  this  wav  is 
very  clear. 

Cumulative  probability  plots  of  the  residuals  are  shown  in  Figures  10(a).  (b)  and  <c)  using 
normal  ordinates.  The  plotting  position.  used  for  the  it h  residual  has  been  determined  from 

</  0  5)  r 

for  large  r.  the  total  number  of  data  points,  after  Reference  9.  Also  shown  on  the  figures  are 
smoothed  Kolmogorov -Smirnov  95  ■  confidence  bounds  based  on  the  given  number  of  data 
points  in  each  case  assumed  perfectly  normally  distributed  Although  1  igures  9  indicate  that 
the  common  assumption  of  normality  of  log  crack  growth  rate  data  is  not  seriously  challenged 
here  for  the  transformed  data,  the  application  ol  the  more  stringent  y- test  shows  that  only  the 
transformed  2024-12  data  of  Hudson  form  an  empirical  distribution  which  does  not  differ 
significantly  from  the  corresponding  normal.  Fable  2.  column  2 

Relevant  data  associated  with  the  regressions  are  tabulated  in  fable  .V  Also  given  there 
are  the  results  of  applying  Schijve's  equation  (5)  to  the  data.  I  he  minimum  sums  of  squares  are 
seen  to  he  little  higher  than  those  of  the  present  formulations  /  tests  based  on  the  variance 
of  the  residuals  for  both  models  show  no  significant  dilferences  for  the  2024-  15  data  sets:  for 
7075-T6  however  the  present  formulation  is  significantly  better  the  variance  ratio  becomes 
significant  at  the  I  level.  Meaningful  comparisons  of  C  and  n.  the  Paris  constants,  are  not 
possible  since  they  operate  on  ditleretu  equations  (((>).  (S)  and  (12)  for  the  present  formulation 
and  (5)  and  (12)  in  Schijve's  case). 

5.  CRAC  K  GROWTH  PREDICTION 

The  best  lit  Paris  equations  have  now  been  used  to  predict  the  ciack  growth  cvcles  between 
the  successive  crack  lengths  as  established  on  test  and  given  in  the  original  refcrencesT  Ihe 
expectation  is.  of  course,  that  the  predictions  will,  on  average,  agree  with  the  data  from  which 
they  derive.  These  predictions  are  shown  in  Ftgutes  11(a).  (b)  and  (e)  expressed  in  terms  of 
(test  cycles  predicted  cycles),  each  between  the  same  two  crack  lengths,  plotted  against  AA,  u 
based  upon  final  interval  crack  length 

Figures  !  I  show  that,  overall,  the  above  expectation  is  realised.  I  here  can  be  seen  however, 
in  all  three  graphs,  very  clear  indications  of  a  systematic  "snaking"  trend  of  the  ratio  with 
AAVrr.  and  the  reason  is  readily  seen  from  Figure  9.  Ihe  data  points  there  do.  of  course,  fall 
in  the  intermediate  section  of  the  overall  5  shaped  or  sigmoidal  </</  J\  versus  AA,  n  plot.  I  hey 
should,  therelorc.  be  even  better  fitted  by  an  appropriate  sigmoidal  curve  Points  falling  below 
the  regression  line  on  I  igure  9  become  points  above  unuv  on  Figures  II.  and  vice  versa:  t lie 
tendency  for  increased  variability  at  low  AA,  u  is  no  doubt  due.  at  least  in  part,  to  inaccuracies 

*  Preliminary  analysis  showed  that  the  circled  data  points  in  Figures  <i(a)  and  <>(cl  were 
falling  into  the  increasingly  steep  final  region  of  the  sigmoidal  crack  growth  rate  curve  beyond 
the  central  (and  nominally  linear)  region  c<  nsulercd  here  1  hose  data  points  have  been  omitted 
in  further  analysis. 

t  In  establishing  some  of  the  original  crack  growth  data1"  on  2024-1  5  Alclavl  sheet  I  tom 
which  the  growth  rate  data  summarised  in  Reference  7  were  based,  it  was  found  (hat  the  total 
number  of  a  vs  ;V  data  points  exceeded  substantially  the  total  number  of  derived  </<i  c/\  data 
points.  Tins  fact  accounts  for  the  diflering  tallies  entered  on  Figures  10(a).  and  1 1(a)  and  I2(at 
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associated  w ith  measurements  and  dentations  at  shorter  crack  lengths11.  figures  I  I  show  that 
the  test  cycles  predicted  cycles  ratio  tails,  for  the  most  part,  between  I  3  and  2 

This  same  fact  may  be  seen  more  readily  from  the  cumulate e  frequency  plots  of  i  igure  12 
where  the  ratio  very  seldom  exceeds  2  and  is  seldom  below  1  .V  These  graphs  reflect  behaviours 
similar  to  their  counterparts  of  figure  10.  although,  in  the  ease  of  figure  12(c).  an  increased 
deviation  from  the  normal  takes  it  outside  even  the  weak  Kolmogorov -Smirnov  45",,  limits. 
The  results  of  y-  tests  to  check  goodness-of-lit  with  the  corresponding  normals  are  similar  to 
those  of  the  data  of  figures  10:  only  the  2024-13  data  of  Hudson  do  not  ditl'er  significantly 
from  normal.  Table  2.  column  3.  The  variance  ratio  tests  listed  in  Table  4  show  that  the  differences 
between  variability  in  log  crack  growth  rate  and  that  of  log  life  ratio  are  not  significant  for 
either  of  the  2024-T3  data  sets;  for  the  7075-Th  data  they  are.  however,  significant  at  the  'o"„ 
level. 

6.  CONCl.l  SIONS 

1.  The  crack  opening  concept  leading  to  effective,  as  opposed  to  nominal,  stress  intensity 
ranges  in  fatigue  cycling  has  provided  a  sound  basis  for  quantifying  the  known  effect  of  stress 
ratio  on  fatigue  crack  growth  rate  Several  existing  models  have  been  examined  in  this  Report. 

2.  A  flexible  formulation  relating  crack  opening  stress  ratio  with  conventional  stress  ratio 
(based  on  a  third  order  polynomial  and  requiring  for  its  definition  two  fitted  parameters)  has 
been  applied  to  three  extensive  constant  amplitude  crack  growth  rate  data  sets  from  the  literature 
(2024-T.3  Alclad.  2024-T3  and  7075-Tb  sheet  materials)  Paris  equations  have  been  least  squares 
fitted  to  the  log  da  d.\  data  expressed  in  terms  of  log  AA,  u  in  each  case 

3.  Actual  growth  cycles  over  given  crack  length  increments  fall  almost  invariably  within 
the  range  from  1  3  to  2  times  those  predicted  using  these  equations. 

4.  The  study  shows  that  even  better  tits  would  be  attainable  using,  instead  of'  the  linear 
relationship  assumed  here  the  known  overall  sigmoidal  relationship  between  crack  growth 
rate  and  effective  stress  intensify  range.  T  his  approach  is  being  followed  up  and  should  permit 
realistic  extrapolation  into  the  low  and  high  crack  gtowth  r.iu  regions  beyond  those  ot  the 
present  data. 
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TABU  I 

TadinotT  and  Bolt's  liquation.  Ref.  5 

•S\„,  -S||i;l\  -S|n;i\l  i  f<  V  •  >1  ■  -Sfna \  )t>  (-V,,,  -S jjj/» \  )  ,)(1  R)'' 


|  Material 

Ti-(v\l-4V  (IBWeld)  | 

(•S.iji  -Smax)  1 

( -S  .S u,. j  \  )n 

/> 

li-0AI-4Y  tSTA)  ; 

1  i-OAMY  { Annealed  I  1 
22l‘)  1  S5I  | 

0  .02 

0  400 

}  } } 

2024  TN5I  | 

OU' 

0  400 

}  g ; 

2024  I  s 

0  450 

0  500 

5  42 

70"’5  1051 

0  450 

0  500 

<>J 

These  equations  are  plotted  in  licwc  2 


TABU.  2 

Summary  of  V  Tests  on  log  C  rack  (.Tenth  Rate 
Residuals  and  log  l.ife  ratios 


Data  Source 

Residuals 

Ratios 

(lies  10) 

Hies  12) 

Schijve  2024- !  5  Alclad 

50  4 

21  0 

Hudson  2024-  To 

5-2 

5  2 

Hudson  7075-10 

22-7 

"0  1 

45  v?  2  17 

•v\.  \; 


Variance  Katie  Tests  on  log  (irowfh  Kate  and  log  l.ife  Ratio  Data 


2024-  15  Alclad 

2024- 15 

7075-  I  d 

(Schijve) 

(Hudson) 

(Hudson) 

Data 

.S'  1 

\  r 

■V  r 

1  og  (test  life 
predicted  life) 

0  1  (.04  h'2* 

0  1554  20S 

0  1511  407 

log  (1/1/  </.\  l 

0  1404  4:i* 

0  1510  20S 

0  155(i  407 

(S'l  SjC 

1  154 

1  052 

1  -242 

5  °0  l  *  i, «  _» 

1  1 54 

1  -257 

1-177 

1  /  1  ■  1 .  I'2 

1  2(i0 

Significance 

N.S. 

N.S 

Sii:. 

*  See  footnote.  Section  5. 


FIG.  2  EIDINOFF  AND  BELL'S  EQUATIONS  FOR  FOUR  ALUMINIUM  AND 

THREE  TITANIUM  ALLOYS 


MATERIAL  *  2024-T3  ALCLAD  SHEET 

DATA  SOURCE  i  SCHIJVE  (REF.  7) 

-0.66  *£  R  «=  0.73 


Note:  Circled  data  point  is 
omitted  in  all 
further  analysis 
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FIG.  6(a)  CRACK  GROWTH  DATA  :  2024-T3  ALCLAD  SHEET 
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FIG.  6(c)  CRACK  GROWTH  DATA  :  7075-T6  SHEET 
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Stress  ratio  asymptote,  X 

FIG.  7(a)  ERROR  SUMS  OF  SQUARES  FOR  2024-T3  ALCLAD  SHEET 

(SCHIJVE,  REF.  7) 


Stress  ratio  asymptote,  X 

FIG.  7(b)  ERROR  SUMS  OF  SQUARES  FOR  2024-T3  SHEET 
(HUDSON,  REF  7) 

k  . . 


FIG.  9(a)  TRANSFORMED  CRACK  GROWTH  DATA  :  2024- T3  ALCLAD  SHEET 


MATERIAL  *  2024—T3  Sheet 

DATA  SOURCE  i  HUDSON  (REF  8) 
X  =  -1  .09  Z  =  0.16 

SUM  OF  SQUARES  =  4.77 

-1  =«R«;o.7 
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FIG.  9(b)  TRANSFORMED  CRACK  GROWTH  DATA  :  2024-T3  SHEET 


ro  w 


<  T 

UJ  H 
>  <  il 

o 

I  n  < 

§  S  V 


in 

o> 

CD 

05 

ea 

CD 

is 

a 

ea 

ea 

ea 

CD 

a 

O) 

05 

05 

05 

05 

05 

05 

05 

CD 

05 

1/5 

05 

a 

05 

C53 

ca 

a 

a 

a 

09 

ca 

09 

css 

G> 

a 

a 

a 

09 

63 

09 

ca 

si 

63 

63 

63 

63 

ca 

63 

CO 

r- 

lO 

IT) 

O' 

<n 

rvj 

ca  a  a  a  in 

(s  i/i  rvi  — *  09 


Life 


JLLllItfWOiid  33ViNH3&3d 


HUDSON  2024-T3 
210  DATA  POINTS 


CO  ^ 

(D  f—  S 
h-  Z  §  . 

|  >-l  S  (O 

in  o  S  in 

N  cu  15  fO 

Si  s  ^ 

r'  <  » 

I—  Q 

Z  <  M 

O  Ci 

CO  z  it 
Q  C)  < 

Z>  Q  LU  Q 

t  v  5  cn 


■ 

T 

1 

1  ' 

T 

r  ■ 

■"  1 

T 

'  “T 

r~r 

F 

1 

~i 

1 

cn 

m 

psa 

ea 

G4 

fSJ 

I5i 

ca 

ea 

ea 

csa 

csa 

ea 

s 

ca 

cn 

cn 

m 

on 

pa 

CSi 

tsa 

tsi 

PJ 

pa 

fa 

ca 

CJ 

CJ 

rri 

(Tt 

CT) 

ai 

m* 

an 

in 

pi 

Kl 

ea 

EJ 

pj 

pj 

PJ 

fS3 

cn 

cn 

(T) 

cn 

cn 

cn 

cn 

m 

an 

r- 

UJ 

Lfl 

JV 

D 

CNJ 

'i  n~  ~t~i  i  n 


pa  ra  pj  ca  pj  pj  pj  ld 

.  ,pj  Pa  k  in  cm  •  ca 

PJ  '  .  ...  ... 

— •  tn  r\i  — 


AiniqWOttd  39ViN30ajd 


SCHIJVE  2024-T3  Alclad  +  Ratio  =  23 

674  DATA  POINTS 


FIG.  11(a)  RATIO  OF  TEST  CRACK  GROWTH  CYCLES  TO  THOSE  PREDICTED  VERSUS 
EFFECTIVE  STRESS  INTENSITY  RANGE  -  2024-T3  ALCLAD  SHEET 


FIG.  11(b)  RATIO  OF  TEST  CRACK  GROWTH  CYCLES  TO  THOSE  PREDICTED  VERSUS 
EFFECTIVE  STRESS  INTENSITY  RANGE  -  2024-T3  SHEET 
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FIG.  11(c)  RATIO  OF  TEST  CRACK  GROWTH  CYCLES  TO  THOSE  PREDICTED  VERSUS 
EFFECTIVE  STRESS  INTENSITY  RANGE  -  7075-T6  SHEET 
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